A B S T R A C T Each of the three major bile acids of man was tested for its influence on electrolyte and water absorption in the human colon. Transport from isotonic solutions, with or without added bile acids, was compared in 35 studies on 20 healthy volunteers by colonic perfusions under steady-state conditions. Electrolytes and water were always absorbed from control solutions, but dihydroxy bile acid solutions induced continuous secretion or inhibition of sodium, potassium, and water absorption, which was reversible. Deoxycholic acid caused consistent secretion at 3 mm concentrations, whereas chenodeoxycholic acid did not induce secretion until the concentration was 5 mm. The trihydroxy bile acid (cholic acid) produced no significant change in absorption at 10 mm. Inhibition of absorption was also induced by mixtures of the glycine or taurine conjugated bile acids. Secretion of sodium and chloride, induced by bile acid perfusion, was linearly correlated with secretion of water; potassium secretion was relatively constant regardless of the volume of secretion. These results establish a striking influence of bile acids on colonic absorptive activity, provide an explanation in part for the diarrhea that frequently accompanies ileal disease or resection, and imply that diarrhea should occur in other disease states that produce elevated concentrations of dihydroxy bile acids in the colonic lumen.
INTRODUCTION
In health, the major site of absorption of bile acids is the ileum (1, 2) . Those bile acids not absorbed in the ileum pass into the colon, where further absorption is Dr. Mekhjian's present address is Department of Medicine, Ohio State University, Columbus, Ohio.
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Received for publication 14 April 1971 and in revised form 29 March 1971. considered to occur (2, 3) . In patients with ileal disease or resection, malabsorption and fecal wastage of bile acids lead to a compensatory increase in their hepatic synthesis (4); a new steady state is obtained, characterized by increased synthesis and increased passage of bile acids into the colon. Demonstration that bile acids block electrolyte and water transport in the isolated, perfused rat colon (5) led to the proposal (5, 6) that bile acids might have similar cathartic properties in man and, as a corollary, that the diarrhea frequently observed in such patients could be caused in part by the action of bile acids on the colonic cell.
This paper describes the influence of each of the three major bile acids present in human bile (7) on electrolyte and water movements in the human colon. Using the technique of colonic perfusion (8) previously modified and validated by us (9), we compared electrolyte and water transport from isotonic electrolyte solutions, with or without added bile acids, under steadystate conditions. METHODS Perfusion procedure. Experiments were performed on 20 healthy volunteers free of signs or symptoms of gastrointestinal disease, 10 of whom were studied on two occasions. A triple-lumen tube, with a terminal hole for perfusion and holes 20 and 40 cm proximal for sampling, was constructed from polyvinyl tubing (O.D. 3 mm). The tube was passed by mouth and monitored fluoroscopically until its distal hole reached the cecum. During the 24-72 hr required for small intestinal transit, subjects were fed a normal diet. On the day of the study, after the subj ect had fasted overnight, 154 mm sodium chloride was pumped from the distal tube opening in the cecum until collections from the rectum were free of solid feces. Test solutions were then perfused from this opening at 15 ml/min with an infusion pump (Harvard model 1201, Harvard Apparatus Co., Inc., Millis, Mass.). A rectal catheter (24 F) was inserted to several centimeters proximal to the anal verge, enabling continuous collections during the experiment. The proximal lumens of the tube were aspirated continuously to minimize contamination of the colon by ileal contents and to monitor the degree of reflux of perfusates from the cecum, which was
The Journal of Clinical Investigation Volume 50 1971 trivial. When radioactivity concentrations in rectal samples indicated the achievement of a steady state (9) , six sequential 10-min collections were taken and considered to be an experimental period. The time required to achieve steady-state conditions varied from 45-90 min and was usually 1 hr or longer. Steady-state conditions were verified by subsequent analysis of a nonabsorbable marker, polyethylene glycol (PEG).' In preliminary experiments, movement distally of the tube was sometimes induced by bile acid solutions; these studies were discarded, and only the studies in which the position of the tube was in the cecum at the end of the study are reported here. Because of these observations, the control solutions, which did not cause tube displacement, were usually perfused first.
Experiniental Composition of perfusates. Bile acids were greater than 99 % pure by thin-layer and gas-liquid chromatography. Unconj ugated cholic, chenodeoxycholic, and deoxycholic acids of high purity were obtained from commercial sources.2 Cholic acid was recrystallized from absolute ethanol, then converted to its sodium salt and recrystallized from ethanoldiethyl ether. Chenodeoxycholic acid, after conversion to its sodium salt, was crystallized from n-propanol-ethyl acetate. Deoxycholic acid, after conversion to its sodium salt, was crystallized from n-propanol-ethyl acetate. Conjugated bile acids were synthesized and purified by solvent extraction and crystallization (10) .
Electrolyte composition of perfusates (Table I) was designed to simulate ileostomy fluid (11) . In solutions containing bile acids, the amount of chloride ion was reduced stoichiometrically to preserve isotonicity.
Analytic methods. The purity of bile acid was assessed by semiquantitative thin-layer chromatography (12) and quantitatively by gas chromatography of trifluoroacetates (13) or acetates (14) . Sodium and potassium were measured by flame photometry (IL model 143, Instrumentation Laboratory, Lexington, Mass.), chloride electrotitrimetrically (Buchler Instruments, Fort Lee, N. J.), and bicarbonate manometrically (Natelson microgasometer, model 650, Scientific Industries, Inc., Queen Village, N. Y.). PEG was measured turbidimetrically at 650 mp, (15) . "4Na was counted in a sodium iodide well (dual-channel analyzer 600-059, 'Abbreviations used in this paper: GC, glycocholic acid; GCDC, glycochenodeoxycholic, GDC, glycodeoxycholic; PEG, polyethylene glycol; TDC, taurodeoxycholic. Picker International Corp., White Plains, N. Y.) and 42K in a plastic well (model LC-11, Hammer Electronic, Princeton, N. J.), utilizing differences in their emission spectra (16) . PEG-`4C was counted using a dioxane-based cocktail by liquid-scintillation spectrometry (Liquimat, Picker International Corp., White Plains, N. Y.) with an efficiency of 65-75%. Rectal samples were examined by thin-layer chromatography for the presence of unconjugated bile acids caused by bacterial deconjugation during perfusion.
Calculations and statistical analysis. Net absorption of water (ml/min) and electrolytes (,gEq/min) by the whole colon was calculated, relative to changes in the concentration of PEG, using standard formulae (17) . Unidirectional movements of sodium and potassium were calculated by disappearance of isotope and changes in specific activity (18) .
Net water movement was evaluated using an analysis of variance technique which compared differences between suhjects, differences between control and individual test solutions, and interactions (19) . It was considered unnecessary to evaluate sodium movement by this technique, because sodium and water movements were so closely related (r = 0.96; see below). Linear regressions between electrolyte and water movements were calculated by the method of least squares, and comparisons were evaluated by appropriate statistical tests.
RESULTS
Unconjugated bile acids (Table II) . Perfusion with control solutions always resulted in absorption of sodium, chloride, potassium, and water; bicarbonate transport was variable, but a small secretion usually occurred. Deoxycholic acid at 1 niMm had no influence on water movement (P > 0.05). At 3 mm, deoxycholic acid caused a large and consistent secretion of water (P < 0.01 ), and secretion was still greater in one person when 6 mM was perfused. Chenodeoxycholic acid at 1 mm or 3 mM did not influence water movement consistently (P > 0.05). At 5 mm, fairly consistent but variable secretion of water occurred (P _ 0.05) ; this wvas also observed in the single study at 10 mM. Cholic acid, in contrast to the dihydroxy acids, had no apparent influence on water and electrolyte movements at 10 m M (P > 0.05). 
O -00 U) ci 00 U)000 Mixtures of conjugated bile acids. Equimolar mixtures of bile acid conjugates, whether conjugated with glycine or taurine, inhibited absorption and caused consistent secretion of water (P 0.01), sodium, and potassium (Fig. 1) . Bicarbonate secretion, which occurred in control studies, increased further (P c 0.035), and chloride absorption was inhibited (P _ 0.01). The degree to which individual electrolyte transport was altered by these bile acid mixtures was similar to that observed with the free bile acids. However, the response observed was greater than that induced by 3 mM deoxycholic acid, consistent with the dihydroxy bile acid conjugates of the mixture acting additively.
When the bile acid solution was perfused first (studies 32, 34, and 35), the inhibitory effect on absorption was reversed partially or completely by the control solution within 30-60 min (Table IV, Fig. 2 ). Unidirectional fluxes of sodium and potassium were calculated for these experiments (Fig. 3) . Sodium flux into the lumen (exsorption) was increased by perfusions that contained bile acids (P < 0.05), and an inconsistent change (P > 0.05) in sodium movement from the lumen into the circulation (insorption) was observed. Potassium (Fig. 4) . The linear regression (r =0.96; P <0.001) between water and sodium secretion induced by bile acids indicates secretion of a solution having a relatively constant concentration of sodium (13i5 8 mM SD).
A close correlation was also found between inducedwater and chloride secretion (r = 0.91; P <0.001), and an equivocal correlation was observed for water and bicarbonate movements (r = 0.48; P = 0.05). With lesser rates of water secretion, bicarbonate was the only anion secreted; secretion of water greater than 1 ml/min was accompanied by nearly stoichiometric secretion of chloride in addition.
During control lperfusions, absorptions of sodium and chloride were closely correlated with that of water (r = 0.94 and 0.86, respectively), and net transport of bicarbonate was also related to that of water (r = 0.79). The Potassium and water relationships. Secretion of potassium did not increase in proportion to sodium and water secretion induced by bile acid solutions (r = 0.34) (Fig. 4) lated to intraluminal concentration and not to the amount of bile acids absorbed. Bile acid absorption (20) will be detailed in a separate report, but the lack of response to trihydroxy acids cannot be explained by lack of absorption, since cholic acid or its conjugates were always absorbed. In addition, the absorption rate of chenodeoxycholic acid at 3 mm (24.3 gmoles/min; mean of three studies) was much greater than that at 5 mM (9.0 ,moles/min), yet water secretion occurred only at the higher concentration. The absorption rate of deoxycholic acid at 3 mm (9.1 gmoles/min) was similar to that of chenodeoxycholic acid at 1 mm (7.9 Amoles/min), yet only the former induced-water secretion. Together, these results suggest that intraluminal concentration is a more important determinant of water secretion than bile acid absorption and, further, that the magnitude of response is influenced by molecular structure of the bile acid nucleus (Fig. 5) .
The major fecal bile acids in man are deoxycholic acid (from bacterial 7 a-dehydroxylation of cholic acid) and lithocholic acid (from bacterial 7 a-dehydroxylation of chenodeoxycholic acid) (7) . Lithocholic acid, whether free or conjugated, is insoluble at body temperature (21) , and we could not have studied its effect on water and electrolyte movement in the manner described. We chose not to prepare micellar solutions of lithocholic acid (using 9 moles of taurocholate per mole of lithocholic acid) (22) because of the potential cytotoxicity of lithocholic acid (23) .
The secretary effect of dihydroxy acids, whether free or conjugated, and the absence of any secretary effect of trihydroxy acids, has also been observed in our laboratory for the dog (24). Forth, Rummel, and Glasner (5) have reported that deoxycholic acid inhibits water and sodium absorption in ligated loops of rat colon.
Mechanism of action of bile acids. Perfusion techniques by their nature cannot define either the mechanism or the site of action of a compound. Present views of water and electrolyte absorption by the colon include active sodium transport as a primary event that is coupled with passive absorption of chloride and results in osmotic forces for passive water absorption (25) .
In addition, an unspecified mechanism for bicarbonate/ chloride exchange is present. The biochemical basis of active sodium transport by the colon is poorly understood, but energy may be provided by hydrolysis of ATP by a membrane-bound Na-ATPase (26), stimulated by sodium and potassium ions and present in colonic mucosa of the toad (27) . Bile acid anions are surfaceactive molecules, dihydroxy greater than trihydroxy (28) Clinical implications. Our data suggest a possible mechanism for diarrhea in disease states in which elevated concentrations of dihydroxy bile acids occur in the colonic lumen. These circumstances apply to patients with ileal resection and could be relevant to other causes of ileal dysfunction; however, in such patients, diarrhea may be aggravated by the passage of increased amounts of water into the colon and the consequences of associated resection of the proximal colon. In four patients with bile acid malabsorption proved by increased turnover of labeled taurocholate, the concentrations of chenodeoxycholic and deoxycholic acids in the aqueous supernatant of stools ultracentrifuged for 2 hr (50 rotor, 105,000 g) were determined by gas-liquid chromatography. Ranges of concentration in multiple samples were (mM) : for chenodeoxycholic acid, patient 1, 0.9-2.2; patient 2, 4.1-5.0; patient 3, 0.2-1.2; and patient 4, 0.9-1.9, and for deoxycholic acid, patient 1, 0.4-1.4; patient 2, 0.10-0.13; patient 3, 0-0.5; and patient 4, 0.4-0.5. The diarrhea of these patients responded to the oral administration of a bile acid-binding resin (32, 33) , concomitantly with a striking decrease in the concentration of bile acids in the fecal supernate.3 Such patients, in contrast to normal subjects, may have little deoxycholic acid in their feces (34) , presumably because of reduced bacterial 7 a-dehydroxylation, and in these patients the colonic cell is exposed chiefly to chenodeoxycholic acid and cholic acid. If bile acids are responsible for diarrhea in such patients, chenodeoxycholic acid should be the causal agent. If bile acids are determinants of fecal water in health, however, deoxycholic acid would be most important in this respect since lithocholic acid is presumably present only in particulate form.
The greater potency of deoxycholic acid than of cholic acid suggests that bacterial transformations of bile acids may critically influence the effect of bile acids on secretion of water by the colon. Many varieties of bile acids are normally formed by bacterial action in the colon (35, 36) , but no information is available on the relationship between structure and secretary activity. Finally, other substances such as fatty acids or their bacterial metabolites, hydroxy fatty acids, could be present in increased concentrations in patients with malabsorption, and should be tested for their ability to cause secretion of water and electrolytes by the colon and contribute to diarrhea. Lastly, these studies provide a possible basis of action for a number of anionic cathartics as also suggested by Forth et al. (5) .
